Many older transmission towers are designed based on tension-only bracing systems with slender diagonal members. However, the increased demand in power supply and changing global weather patterns mean that these towers require upgrading to carry the resultant heavier loading. The failure of a single tower can rapidly propagate along the line and result in severe damage that costs many millions of dollars. Hence, this research project is aimed at developing efficient upgrading schemes using diaphragm bracings. Tower strength improvement was investigated by adding a series of diaphragm bracing types at mid-height of the slender diagonal members. Analytical studies showed that considerable strength improvements could be achieved using diaphragm bracings. They also showed the effects of different types of bracings, including those of joining the internal nodes of diaphragm members and the location of diaphragms. Experimental studies were undertaken using a tower sub-structure assembly that was strengthened with a variety of diaphragm bracings under two types of loading. The results confirmed the analytical predictions and allow recommendations on the most efficient diaphragm bracing types. This type of upgrading scheme using the most efficient diaphragm bracing type was successfully implemented on an existing 105 m-height TV tower. This paper presents the details of both the analytical and experimental studies and their results.
Introduction
In the transmission line industry, many older towers were designed based on tension-only bracing systems with diagonal bracing systems that have high slenderness ratios of around 250.
In recent times, there has been a significant increase in the demand for power supply, and many of these older transmission lines are required to carry heavier conductors. There have also been many changes in global weather patterns (extreme winds, heavy ice, etc.). Hence, some of the slender bracing diagonals have developed fatigue cracks due to cyclic wind loading. All of these factors mean that old transmission towers are not only subjected to increased loading, but also to the degradation of some of their critical members. This can lead to the failure of the towers. The failure of one tower can rapidly propagate along the line through cascading and lead to severe damage to the entire power line. The estimated cost of repairing and/or replacing assets for 40 km of a double circuit line is over $30 million (Behncke, 2002) . A similar situation is evident in telecommunication towers for which the demand for more antennae on top of them has increased considerably.
To eliminate the failure of these old transmission and telecommunication towers, a costeffective structural upgrading scheme should be developed that can be easily adopted by the power line and communication industries. This will be a difficult task. The tension only design makes it difficult to model these towers using conventional software. Accurate analysis of the towers is complicated because the structure is three-dimensional, is comprised of eccentrically connected asymmetric angle section members, and is subject to complex loadings. The influences of material and geometric nonlinearities play a very important role in determining the ultimate behavior of these towers. Kitipornchai et al. (1990) and Albermani and Kitipornchai (1992) have developed a compact and practical nonlinear method for simulating the global structural response of transmission towers. The program developed, AKTower, has been used to predict the behaviour of many full-scale transmission towers, and its predictions have agreed well with full-scale test results. Hence, the program was used in this research to investigate suitable upgrade schemes based on the concept of adding a series of diaphragm bracings.
A tower sub-structure with a variety of diaphragms at mid-height of the slender diagonal members was considered for this purpose. Analytical studies showed that considerable strength improvements could be achieved using diaphragm bracings. They also showed the effects of different types of bracings, including those of joining the internal nodes of diaphragm members and the location of diaphragms. Experimental studies were then undertaken to validate analytical predictions under different types of loading. This paper presents the details of both the analytical and experimental studies and their results.
Analytical Studies
A nonlinear analysis technique for predicting and simulating the ultimate structural behaviour of transmission towers was developed by Albermani and Kitipornchai (1992) . This technique accounts for geometric and material nonlinear effects, asymmetric section properties and eccentricities. The geometric nonlinearity is incorporated through initial-stress and deformation stiffness matrices and through continuous updating of the structural geometry. Material nonlinearity is accounted for through lumped plasticity approach coupled with the concept of yield surface in force space. A predictor-corrector solution strategy is used to follow the loaddisplacement response of the structure up to its ultimate capacity. This approach can be applied effectively to predict the response of practical large-scale structures such as transmission towers (Albermani and Kitipornchai, 2003) . The same approach was adopted here in analyzing the tower sub-structure shown in Figure 1 and was used to investigate various strengthening schemes. The legs and horizontal members were taken as angle sections (45 x 45 x 5mm).
Solid circular rods of 16 mm diameter were used for diagonals and diaphragms. This gave a slenderness ratio of 274 for the diagonal members of the substructure shown in Figure 1 , which is consistent with the tension-only design. The sub-structure was subjected to lateral loading, P, at two corners as shown in Figure 1 . This loading condition will be referred to as the bending case. A second loading condition was also investigated, and will be referred to as the torsion case. For the torsion case, one load P was applied at one corner only. The buckling load for this sub-structure was calculated to be 4.35 kN (each P) in bending and 4.38 kN in torsion. This corresponds to critical axial load in the diagonal of 5.31 kN.
The effect of strengthening the diagonal bracings by adding various types of diaphragms or plane-bracing systems at mid-height (y/H = 0.5) was investigated. The diaphragm types examined in this research are shown in Figure 2 and are referred to as Types 1 to 3. Figure 3 shows the sub-structure with diaphragm Type 1a implemented. The sub-structure was modeled as a frame structure with the diagonal and diaphragm members modeled as truss members, ie.
the member ends were modeled as both "in-plane and out-of-plane pinned". This is consistent with common practice in transmission tower structures.
The effect of joining the internal nodes of the diaphragm members at their crossing point was also investigated. A diaphragm such as Type 1a with its members joined together at the internal node (in this case at the centre of the tower) will be referred to by adding the letter c to the type name (1ac in this case). The ratio of the buckling load (both bending and torsion load cases) for the sub-structure with one of the diaphragm types implemented to the buckling load of the original sub-structure (Figure 1 ) is given in Table 1 . The beneficial effect of adding a diaphragm is clear from this table for both bending and torsional loading, where the buckling capacity increases as much as 1.8-4.5 times.
The effect of introducing diaphragm Types 1a, 2a, and 3a at various heights (y/H) is also investigated for bending and torsional loading. Figure 4 shows the variation of buckling capacity with diaphragm location for bending loading, while Figure 5 shows the variation for torsional loading.
For bending loading, the buckling capacity is not very sensitive to the diaphragm location for Type 2a, but it is quite sensitive for Type 3a with an optimum position of y/H = 0.5. The capacity is less sensitive for diaphragm Type 1a with an optimum location of y/H = 0.63.
For torsional loading, the buckling capacity is not very sensitive to the diaphragm location for Type 1a, but it is quite sensitive for Type 2a and to a lesser extent for Type 3a. For the three types, the optimum location of the diaphragm is y/H = about 0.5.
Experimental Studies

Test Structure
Experimental studies considered the tower sub-structure that was described in Section 2 and used in the analytical studies. Figure 6 shows the test structure and the details of its components. The dimensions B and H shown in Figure 1 were 877 and 1080 mm, respectively, in the test structure. The vertical legs and horizontal members were 45 x 45 x 5 mm equal angles. Diagonal rods of 16 mm diameter were used in the preliminary test series as was assumed in the analytical studies. However, in the final test series they were 10.3 mm. All of the members were made of grade 43A steel with a design yield stress of 275 MPa.
Both ends of the diagonal members were welded to short rectangular plates of 12 mm thickness.
This allowed the diagonal rods to be lapped and bolted to the vertical side of the horizontal angles using M10 8.8 grade bolts and washers. The bolt locations were 20 mm above the bottom horizontal edge of the horizontal angles. The other end of the diagonal rod was bolted directly to the vertical angle legs at a distance of 35 mm above the top of the base plate. Both rods were placed outside the angle and hence were eccentrically connected. This is similar to the practice used in transmission line towers, whereby diagonal angle members are often lapped outside and bolted to horizontal members. The inner rod was 8 mm away from the angle face whereas the outer rod was at a distance equal to its diameter plus 8 mm from the angle face. The M10 bolts were wrapped with rubber sleeves and special care was taken to eliminate any friction in these joints, i.e. between the end plates and between the bolt and rod at the bolt holes. In this way, these connections can be considered as "in-plane pinned". However, they cannot be considered as "out-of-plane pinned". Instead, they were closer to "out-of-plane fixed" (some buckling modes tend to indicate that they are not quite fixed out-of-plane). Figure   6 (b) shows the details of the diagonal rod to horizontal angle connections.
Analytical studies showed that the fixity of base connections did not affect the buckling of diagonal rods. Hence, no attempt was made to create a pinned base connection. The vertical angle legs were welded to 12 mm plates. These plates were then bolted to thicker plates that were clamped to the supporting beams. The base connection used in the test structure as shown in Figure 6 (c) should therefore be considered as semi-rigid.
To simplify the fabrication of the test structure, 6 mm gusset plates were first welded to the top of vertical angles as shown in Figure 6 (d). The horizontal angles were then simply bolted to the plates on both legs using M10 8.8 grade bolts. In this way, the corner connections were made rigid as was assumed in the analyses.
As stated in Section 2, two load cases were considered. In the first case, referred to as the "bending case", equal horizontal loads were applied at the corners of the test structure using a spreader beam as shown in Figure 6 (e). A horizontal load was applied at only one corner in the second load case, referred to as the "torsion case" (see Figure 6 (f)). The load distributors were located along the centroidal line of the horizontal angles. A 50 kN load cell was used in series with the actuator to measure the applied load.
In most tests, at least a pair of strain gauges was used in the diagonal compression rods at diametrically opposite locations (see Figure 6 (a) ). This allowed the monitoring of axial strains in these rods during the test, i.e. using the average of the two strain gauge readings. Because of the eccentric connections, there was noticeable out-of-plane bending in the rods before buckling. To monitor this effect, two pairs of strain gauges were used in some tests at diametrically opposite locations. These strain readings not only allowed the monitoring of axial strain, but also the in-plane and out-of-plane flexural strains caused by eccentric connections.
Test Program
The first test series was undertaken using 16 mm diagonal rods and without any diaphragm bracings. This was to verify the test set-up and loading process. In all the tests, the test structure was loaded until one or both the slender diagonal compression members buckled.
Following this, different types of diaphragm bracings described in Figure 2 were added one by one and tested until buckling. With the addition of diaphragm bracings, the buckling capacity of diagonal rods increased considerably. Hence, the test structure could not be loaded until buckling as there were local failures at connections. Because of this problem, the diameter of the diagonal rods was reduced to 10.3 mm and the tests were repeated. The corresponding diaphragm bracings were only 5.3 mm in diameter, although in the preliminary test series both the diagonal and diaphragm bracing rods were 16 mm in diameter. In some tests, a cable diaphragm system was used instead of rods because analyses showed very small forces in the diaphragm bracing members. The same angle members were used in all of the tests because they were only stressed to levels well below their yield stress. Strain gauge and displacement transducer readings were monitored throughout all the tests. Figure 7 shows the test structure with various diaphragm bracings. The diaphragm bracing rods were simply welded to the diagonal rods at mid-height. The internal connections of the diaphragm were also welded, but in some cases they were joined together with steel ties. Table 2 presents the details of tests carried out in this research.
Results and Discussions
The test results are compared with the analytical predictions in Table 2 . For this purpose, diagonal and diaphragm members in the analysis were modeled with end conditions as "inplane pinned" and "out-of-plane fixed". This allowed accurate simulation of the test structure conditions reported in the previous section. The use of these end conditions mean that the analytical results presented in Table 2 are different to those reported in Table 1 and Figures 4 and 5 in Section 2.
The results from the preliminary test series using the larger 16 mm diagonal rods are also presented in Table 2 . However, the results for the cable diaphragm system are not presented because the cable system was unable to provide much strength improvement. There were also practical difficulties in installing the cable system.
There was considerable eccentricity in all of the connections, and with the unavoidable imperfections in the test structure and its components, both the diagonal compression rods were bending either in-plane or out-of-plane before they reached buckling. In some cases, they were bending about both axes. Attempts were made to minimize these effects so that such premature bending and yielding could be eliminated. Despite these attempts, the diagonal compression rods were always bending in-plane or out-of-plane during the tests. Therefore, as indicated in Section 3.1, strain gauge measurements were used to determine the point of buckling of the diagonal rods. The buckling load was calculated based on the measured maximum axial compression strain in the rods (average of the strain readings from the two strain gauges located diametrically opposite on the rods). The axial compression strain remained constant or decreased after the buckling of the compression rods. The test structure was able to carry further load as the load was now shed to the tension diagonal rods. Table 2 reports the test buckling strain and load determined in this manner. In some tests, both diagonal compression rods buckled, in which case, the lower buckling load is reported in Table 2 . Table 2 also reports the applied load P at each corner of the test frame at the point of buckling.
However, this was not used in the comparisons with analytical predictions for the following reason. There appeared to be some rigid frame action in the test structure even with the presence of diagonal rods, in particular when smaller rods (10.3 mm) were used for the bending case. Hence, there was limited correlation between the measured load in the rods and the applied load P. However, this situation was improved in the cases of larger diagonal rods (16 mm) and the torsion case.
During the initial tests, considerable friction was observed at the diagonal rod to angle member connections. However, the use of rubber sleeves and other means to reduce the friction at these connections appeared to have worked, as seen from the good agreement between test and analytical results obtained in the case of test structure without any diaphragm bracings. The diagonal rods always buckled in-plane in these tests, as predicted by analysis (see Figure 8(a) ). Therefore, the test conditions for the connections can be considered equivalent to "in-plane pinned".
With the addition of diaphragm bracings, considerable strength improvements were obtained, as seen in the results reported in Table 2 . Depending on the diaphragm bracing type used, the buckling loads of diagonal compression rods increased by a factor in the range of 2.56 to 3.89 (i.e. a 156 to 289% increase). They also agreed reasonably well with corresponding analytical predictions (2.89 to 4.05). The analytical predictions were based on an idealized test structure and simplified end conditions, hence the reason for some of the differences. The buckling mode appeared to be the in-plane second mode as predicted by the analysis, but often it was a mix of out-of-plane and in-plane second modes, as shown in Figure 8 (b) . However, experiments were able to confirm the strength improvements due to the use of diaphragm bracings as predicted by the analysis. The reasonable agreement between the test and analytical results as shown in Column 8 of Table 2 mean that analysis alone can now be used to further study the behaviour of tower structures with diaphragm bracings.
As predicted by the analysis (see Table 1 ), connecting the internal nodes of the diaphragms led to considerable strength improvements particularly when pinned connection (both in-plane and out-of-plane) of diagonal bracing members is used. Most importantly, it provided a more rigid structure with all of the diagonal rods tied together very effectively.
Based on the test results and the experience in installing the various diaphragm bracings, it can be concluded that diaphragm Type 2c is the most efficient system. Type 1ac also performed well in the test series, but some of the earlier analytical studies showed that they may not provide higher strength improvements for certain loading and end conditions. Type 3 was not found to be as effective as Type 2c. Types 2ac and 3ac are also very effective from the strength improvement point of view, but not from the practical point of view. The additional diaphragm rods and connections that are needed in these two types of diaphragms cannot be justified when Type 2c can provide similar strength improvements.
Practical Implementation
The upgrading scheme presented in the previous section was implemented in strengthening a 30 year old TV tower. Figure 9 (a) shows an isometric view of this tower. The lower part of the 105 m high tower has a 15 m x 15 m square base while its upper 21 m is a triangular mast. The self-weight of the tower is about 687 kN. It was intended to add a number of new antennas on this tower which was already displaying excessive deflection and rotation that was affecting its transmission performance. The authority responsible for the tower was planning to replace many of the diagonal members with heavier sections. Most of these diagonal members were composed of back-to-back double angles with typical sections being 127 x 89 x 9.5 mm (5 x 3.5 x 3/8 inch) or 76 x 64 x 4.8 mm (3 x 2.5 x 3/16 inch). The members were made of steel with a yield stress of 250 or 350 MPa. A typical length of these diagonals is in the range of 7 to 11 m with a number of secondary bracings along the length as depicted in Figure 9 (a).
Nonlinear analysis of the tower was undertaken using the program AKTower. Twenty-five load cases that account for the new antennas, various directions of wind and ice were considered in the analysis. In these load cases, the ultimate design loads in the transverse and longitudinal directions of the tower are of the order of 1920 kN and 700 kN acting along the height of the tower. Based on the nonlinear analysis results, diaphragm bracing system of Type 2c (see Figure 2 ) was proposed at a number of levels along the tower as shown in Figure 9 (b).
This strengthening scheme used less steel and was easier to implement compared with replacing the existing diagonal bracings, and has made a significant improvement to the tower response in terms of both strength and stiffness. Figure 10 tower under the same load case at collapse, which takes place at a load factor of 1.37. It is clear from this figure that with this upgrading scheme implemented, the tower ultimate load under this load case has increased by nearly 40% with much inhibited deformation in comparison with the original tower. This upgrading was successfully implemented and the tower has been functioning satisfactorily for over three years.
Conclusions
This paper presented the details of an investigation on the upgrading of transmission towers using diaphragm bracings. It included analytical and experimental studies of a tower substructure assembly that was strengthened with a variety of diaphragm bracings under two types of loading. The analytical and experimental results agreed reasonably well and showed that simple diaphragm bracing systems can be very effectively used in the upgrading of older transmission towers. Diaphragm Type 2c should be used for this purpose, as it appears to be the most efficient bracing system. The numerical program AKTower can be used to confirm the use of a suitable diaphragm bracing system, depending on the tower structure and loading conditions. Based on this study, this type of upgrading scheme using diaphragm bracings was successfully implemented on an existing 105 m-height TV tower. This upgrading scheme used less steel, was easier to implement in practice and led to improved tower performance. = Smaller buckling load of the two diagonal rods and is based on measured axial strains ** P cr / P crn = Ratio of the buckling loads of diagonal rods with and without diaphragm braces + P is the applied load at each corner of the frame at the point of buckling of diagonal rods # Diaphragm member was deformed and hence did not adequately restrain the diagonal compression member 
